Introduction
The plant family Lamiaceae is common in the Mediterranean region, with members exhibiting highly diversified ecologies. Species in the family constitute an important component of Mediterranean shrub vegetation, especially in dry and arid environments. Secondary metabolites produced by these plants play important ecological and biological roles. The diversity of biological activities of the essential oils of the Lamiaceae may be a consequence of their rich chemical diversity, and in part explains the large number of studies investigating the chemical composition of plants in this family, and its relationship to fields including taxonomy, biogeography and medicine (for example, see Sáez and Stahl-Biskup, 2002a; Giuliani and MaleciBini, 2008; Jassbi et al., 2012; Lakusic et al., 2012) 
and citations
One of the most important genera of the Lamiaceae in the Mediterranean region is the genus Thymus Benth., which includes approximately 110 widespread species (Morales, 1997) . T. richardii Pers. (included in the section Serpyllum, subsection Insulares, - Jalas, 1971-) , is an example of a species having a relictual, fragmented and scattered distribution under. It was first described in Majorca (Balearic Islands) by Persoon (1806) , and later from Sicily (Gussone, 1843) , Ibiza (Font Quer, 1935) , Valencia (Bolòs and Vigo, 1983) , and Bosnia-Herzegovina (Jalas, 1971 (Jalas, , 1972 .
Based on morphological characteristics (occasionally determined using herbarium material), the Thymus taxon constitute an aggregation of four infraspecific taxa (Jalas, 1971 (Jalas, , 1972 From a phytosociological point of view the Bosnian populations form part of the Illyrian black pine woods (Orno-ericenion "dolomiticum"), and the subspecies also occurs in xeric stands of oak (Konjic) and thermophilous beech woods (Borci). The island of Marettimo (Sicily) is composed entirely of white and grey dolomite. Similar edaphic features occur in all the populations of Ibiza. The populations at these two locations have a subrupiculous character, or grow on litosols.
Another feature is that in these two localities the plants are sometimes integrated into the Mediterranean scrubland vegetation (Rosmarinetalia). In Valencia (La Safor) the plants only grow in this type of vegetation, which substitutes for Pinus halepensis or Quercus ilex forest. However, in Majorca the populations (Puig Major) are exclusively found in rocky crevices on the tops of mountains on the island, and have a clear rupiculous character.
The essential oils of Thymus species have been the subject of numerous studies (for example, see Stahl-Biskup, 2002b and Stahl-Biskup, 2002 and citation) .
Some studies have investigated the terpene composition and its variability in relation to edaphic (Martonfi etal., 1994) , environmental (Boira and Blanquer, 1998) , altitudinal (Delazar et al., 2011) , and seasonal and cultural (Letchamo and Gosselin, 1995; Aziz et al., 2008; Sharafzadeh et al., 2011) conditions. However, few studies have considered chemotaxonomic (Tzakou and Constantinidis, 2005) or biogeographic aspects (Blanco et al., 2012) .
Wild Thymus species are highly chemically polymorphic, with variability in the essential oil composition being related to various environmental and genetic factors (Thompson, 2002; Lozieme and Venskutonis, 2005; Pluhar et al., 2007) .
Most of the volatile terpenoids in Thymus oils belong to the monoterpene group, which usually comprise more than 90% of the total. Sesquiterpenes are always present but, with only few exceptions, as a minor component (Stahl-Biskup, 2002) . For example, T.
samius Ronniger (Tzakou and Constantinidis, 2005) , determinate varieties of T. serpyllum (Miller) Benth. (Paaver et al., 2008) and T. richardii Pers. subsp. nitidus (Guss.) Jalas (Bader et al., 2001) contain (E)-nerodiol, (E)-caryophyllene, germacrene D and (very rarely) -bisabolene as major sesquiterpenes.
Moreover, it seems that some species having phenol chemotypes (T. hyemalis Lange, T. mastichina L., T. zygis L. and T. piperella L.) correspond to archaic forms with the original endemic distribution, while species having geraniol are more evolved and have a more northern geographic distribution. This is consistent with previous studies reporting that the abundance of phenolic compounds is associated with typical Mediterranean climatic and edaphic conditions, and that the non-phenolic chemotypes among Thymus species must overcome environmental conditions that differ from the above (e.g. cold winters) (Bruneton, 1995) .
In defining chemotypes the biosynthetic precursors of phenolic compounds (-terpinene and p-cymene) are commonly taken into account. Correlations between the amounts of phenolic compounds and their biosynthetic precursors tend to confirm the traditional pathway in which p-cymene is the immediate precursor of thymol and carvacrol (Thompson et al., 2003) . More recently it has been proposed that the formation of thymol and carvacrol is catalyzed by single P450s directly from -terpinene via a two-step oxidation, whereas p-cymene is a side product resulting from premature release of the substrate from the enzyme active site (Crocoll et al., 2010) . In relation to the phenolic nature of the thyme taxa, both possibilities lead to the consideration of thymol and carvacrol with their derivatives and precursors as a whole.
Knowledge of the terpene composition of the T. richardii group is restricted to two taxa: T. richardii subsp. nitidus (Bader et al., 2001) and T. aureopunctatus (Cavara et al., 2009 ). The former is characterized by being rich in -bisabolene (32.3%), while the second is a thymol chemotype (34.5% thymol).
In the present study grex of taxa integrated into T. richardii were studied with the following objectives: 1) to determine the terpene composition of the essential oils among the various populations studied; 2) to identify discriminating compounds to differentiate chemical groups; and 3) to assess the relationship between chemical composition and biogeography, as well as climatic and soil parameters.
Material and Methods

Plant material
During summer 2011, samples of wild populations of the T. richardii group were collected in situ from their place of origin ( Fig. 1 ; Tab. 1). Sampled plants were in the full flowering stage, and were collected during in the sunniest time of the day. For each population three samples by plant from ten individuals were collected randomly. The sampled plants were > 10 m apart, to avoid sampling from the same parent. Branches with leaves were collected from each individual and stored at -40C until extracted for volatile fraction analysis. The woody parts were separated from the leaves, young branches and inflorescences. 
Climate data and bioclimatic index
Climate data were obtained from the meteorological station nearest to each study area.
The data covered a period of 30 years for the Safor (Valencia) and Marettimo (Favignana) areas, and 20 years for the Konjic, Borci (Bosnia), Ibiza and Majorca areas.
To investigate relationships between climatic factors and the composition of essential oils we used several bioclimatic indices (Rivas-Martínez and Penas, 2011) and the Giacobbe index (IG) (Giacobbe, 1938 (Giacobbe, , 1959 . The bioclimatic parameters investigated are mostly related to summer, as this is the critical period for Mediterranean flora, and included: ETP, potential evapotranspiration; Ic, continentality index; It, thermicity index; Io, ombrothermic index; IG, summer drought index; PPv, summer precipitation for the three consecutive warmest months in the year; TPv, the sum of the monthly average temperatures for the three consecutive warmest months (Table 2) .
Essential oil extraction and analysis
Simultaneous distillation-extraction (SDE) was performed for 2 h using a Likens and
Nickerson device with dichloromethane as the organic solvent. The extracts were dried with anhydrous sodium sulfate and concentrated to a 2 mL volume using a Buchi R-3000 rotary evaporator equipped with a vacuum pump (Buchi V-700) combined with a vacuum module (Buchi V-801 Easy Vac) (Chaintreau, 2001 ).
Analysis of the SDE extracts was carried out using GC and GC-MS. A Clarus 500 GC Inc., Torrance, CA, EEUU) was used for quantitative analyses (injection volume 1 µL).
The GC oven temperature program was from 50C to 250C at a rate of 3C min -1 . Helium was used as the carrier gas (1.2 mL min -1 ), and the injector and detector temperatures were set at 250C. The percentage composition of the essential oil was computed from the GC peak areas (without correction factors) using Total Chrom 6.2 (Perkin Elmer Inc.) software.
Analysis by GC-MS was performed using the same capillary column, mobile phase and operating conditions as described above for the GC analysis. The ionization source temperature was 200C, and a 70 eV electron impact mode was used. MS spectra were obtained using the total ion scan (TIC) mode (mass range m/z 45-500 uma). The total ion chromatograms and mass spectra were processed using Turbomass 5.4 (Perkin Elmer Inc.) software.
The extract components were identified based on their Kovats retention indexes relative to C7-C30 Saturated Alkanes (Sigma-Aldrich®), computer matching with the NIST MS Search 2.0 library, and comparison of their mass spectra with those of previously published data.
Data processing
The percentage compositions of the oil samples were used as matrix elements to determine the relationship between the 18 samples from the six studied populations.
The data were analyzed using the Statgraphics Centurion V. 06 statistical package. The matrix of compounds was analyzed using principal component analysis (PCA) and discriminant function analysis to assess the heterogeneity of populations and potential chemotypes. Canonical correspondence analysis (CCA) was applied to investigate relationships between principal compounds and population and ecological factors, using the Multi-Variate Statistical Package (MVSP) V 3.01.
Results and Discussion
Essential oil content
A total of 72 compounds were identified, accounting for 91-99% of the volatile constituents. The composition of the essential oil (arranged in Table 3 
Essential oil distribution
Discriminant analysis (LDA) was performed to develop a model of the distribution of component oils on the basis of locality.
The first two factors explained 97% of the variability. Prior to this analysis the number of compounds had been reduced based on correlation coefficients > 0.95. The Majorca populations were found to be highly correlated with positive values of the first factor (F1), whereas the Bosnio-Herzegovinian and Valencia populations were correlated with negative values of this factor. Populations from Ibiza and Sicily were significantly correlated with positive and negative values of the second (F2) factor, respectively (Fig. 3) .
In the F1 discriminant function, -bisabolene, carvacrol and germacrene-D were the major compounds differentiating the populations of Majorca, Ibiza and Sicily from those of Bosnia and Valencia. Caryophyllene and -terpinene were the principal compounds differentiating the Ibiza and Sicily populations (function F2). The distribution plot gives four groups characterized by a combination of five monoterpenes and three sesquiterpenes. The compounds -bisabolene, carvacrol, -terpinene, p-cymene, 1-terpinen 4-ol, and camphene were the only components enabling statistically significant (P < 0.05) differentiation of the two chemotypes (Table 4 ).
The chemical distances between the Ibiza and Sicilian populations were principally determined by the presence and concentration of p-cymene, thymol and carvacrol.
Ecological factors affecting chemical variability
Although there was no statistically significant variation in the monoterpenes among the chemotypes, two chemotypes were clearly spatially segregated in relation to a complex of environmental factors (climate and soils). The sesquiterpene chemotype was confined to high altitude areas, in limestone rock crevices having an elevated ombrothermic index value and low values for the thermicity and continentality indices (Tables 1, 2 ). In contrast, the aromatic monoterpene chemotype occupied habitats that are wet during summer, and have a high Jacob index and deeper soils. These conditions are also related to the occurrence of non-phenolic chemotypes of T. vulgaris L. (Granger and Passet, 1973; Thompson 2003) .
In terms of practical applications, the most characteristic chemicals in Thymus spp. are the phenolic compounds (mainly thymol and carvacrol). Several studies have investigated environmental influences on their occurrence. Gouyon et al., (1986) pointed out that there is a relatively high correlation between soil type and chemotype structure in T. vulgaris, and for this species Thompson et al. (2003) noted earlier studies identifying six chemotypes in southeast France, the occurrence of which were correlated with locations having specific environmental characteristics. The phenolic chemotypes were found in low altitude areas having mild winters and shallow and stony soils, close to the Mediterranean Sea. In contrast, the non-phenolic chemotypes were associated with colder winters and deeper soils. Similar results were reported by Kulevanova et al. (1996) for some Thymus taxa from Macedonia. Samples collected in areas with extreme climatic conditions (hot summers and very cold and snowy winters) correlated with lower levels of phenolic compounds. Gouyon et al. (1986) noted that there was a general trend in relation to the occurrence of phenolic compounds; this indicated that the "home" environment for thyme is stable and xeric in character. This is expressed by the "most chemically elaborate chemotypes, thymol or carvacrol".
Similarly, Bruneton (1995) referred to an association between the occurrence of phenolic compounds and typical Mediterranean environments, with non-phenolic chemotypes being correlated with Thymus adapted to different environmental conditions. These findings may be correlated with factors other than genetic determinants, as the biosynthetic pathway for terpenoids may change during plant development, under herbivore pressure (Sturgeon, 1979) , or because of environmental factors Boira and Blanquer, 1998; Delazar et al., 2011; Robles and Garzino, 2000) .
Having little and bimodal rainfall, and subtropical dry summers characterize western and central Mediterranean climates. However, because of geomorphological conditions, variability and interrelations among climatic factors can determine the climatic conditions in particular regional and local (microclimate) locations.
Quantitative differences between chemotypes in the studied populations were related to soil and bioclimatic factors (temperature and water). and IG (availability of water in summer months). (Fig. 4) .
The occurrence of -bisabolene, germacrene-D and carvacrol (compounds characteristic of chemotype B) was related to positive values of Io. These conditions are common in Ibiza and Sicily, and these parameters reach higher levels in Majorca.
The presence of the phenol chemotypes (-terpinene, p-cymene, camphene and 1-terpinene-4-ol) in Thymus spp. occurring outside areas having xeric climate conditions seems to be related to the chemical characteristics of the soil (Martonfi et al., 1994) .
The populations of Majorca, Ibiza and Marettimo grow in limestone dolomitic rocks, in crevices and cracks on almost vertical rock surfaces (chasmophytes). The Konjic, Borci and Safor biotypes occur on incipient soils (soils characterized by stony rendosol with a poorly developed B horizon) on gentle slopes, and are closely associated with dolomitic bedrock in initial stages of soil development (Table 1) .
The data for the volatile components of the various Thymus richardii populations analyzed showed that although most were phenol precursors related to the monoterpenoid fraction, the main differences involved the sesquiterpenoid fraction, with -bisabolene being the most representative compound for this species.
The adaptation of the Majorca population to extreme climatic and edaphic conditions of the mountain of Puig Major wasn't associated with a decrease in the amount of phenolic compounds or an increase in non-phenolic monoterpenoids. In this case we found a major increase in the sesquiterpenoid fraction (mainly -bisabolene).
Comparison of the more xeric populations and those from an environment having a damper climate and deeper soils (Safor, Konjic and Borci) indicated two trends: (a)
precursors of phenolic compounds predominated in Safor, Konjic and Borci samples, whereas the phenolic compounds formed from the precursors were evident to a greater extent in the other wild populations; (b) the Konjic, Borci and Safor (mainly)
populations had greater amounts of non-phenolic monoterpenoids. In relation to the distribution of chemotypes of T. vulgaris described by Thompson et al. (2003) , both trends are consistent with previous reports (Bruneton, 1995; Kukelanova et al., 1996) of the relationship between typical Mediterranean environments and the occurrence of phenolic compounds.
